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INTRODUCTION 
Electronic shearography has proven to be a valuable tool in nondestructive eval-
uation. With this technique, correlation fringes corresponding to a deformation or 
movement of an object are produced electronically. In general, these correlation fringes 
are composed of random intensity fluctuations due to speckle, making it difficult to 
analyze the fringes and calculate the phase distribution accurately. If such quanti-
tative information regarding the object is desired, direct interpretation of the fringe 
pattern is often attempted. Although various methods have been devised to accom-
plish this task, manual fringe counting is still often performed~a tedious job requir-
ing much operator experience, yielding sparse data, and usually producing inaccurate 
results. 
Hence, shearography is commonly used for flaw detection in a qualitative manner, 
and not detailed flaw characterization in a quantitative one. There are practical ad-
vantages to shearography which warrant its use, even in its qualitative state: its op-
tical nature provides full-field, noncontact inspection; its fringes are based on speckle, 
making it suitable for inspection of rough surfaces; it is a common path interferome-
ter, making it highly robust and insensitive to small environmental disturbances such 
as heat and motion; it can be a real-time video system, providing immediate feed-
back. These advantages make shearography ideal for field testing. 
It is clear that even with the advantages stated, shearography would benefit from 
several advancements. Obviously, quantitative phase characterization is desirable. 
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This can be achieved through phase-stepping, one such method discussed later. In 
addition, the robust, real-time nature of shearography begs for a portable system, but 
conventional lasers restrict this portability due to their size. This issue is addressed 
in the following section. 
LASER DIODE SOURCES 
Most commercially-available shearography systems use conventional lasers as co-
herent light sources; a 40 mW Helium-Neon laser measures anywhere from 15 to 65 
cm in length. Laser diodes are now commonly available with the same (or greater) 
optical power output as a conventional laser, while maintaining the spatial coherence 
necessary to perform shearography. There are several advantages to using a laser 
diode: (1) they are relatively inexpensive, (2) for stroboscopic applications they can 
be safely and rapidly modulated (up to MHz rates) with no need for external shut-
ters, and (3) they are extremely compact. A standard housing for a laser diode is a 9 
mm diameter by 5.1 mm thick package. 
Besides the advantages stated, there are several other differences between laser 
diodes and conventional lasers. Laser diodes are quite sensitive to electrostatic dis-
charge and current spikes, so appropriate precautions must be taken for handling and 
operation. The output of a laser diode, unlike a conventional laser, is elliptical and 
highly divergent (in our case, 81. = 30° and 811 = 9° FWHM). In addition, the diode's 
output is not necessarily linearly-polarized, which must be addressed for polarization-
based methods. If a symmetrical (circular), collimated, polarized beam is desired, 
additional optical components are necessary. 
A basic shearography system was set up using a laser diode source (100 mW, 
A = 802 nm). A Gradient Index (GRIN) lens was used to collimate the output of the 
laser diode and the shearing was achieved with a polarizing beamsplitter wedge. An 
example fringe pattern of an aluminum cantilever beam statically displaced at one 
end can be seen in Figure 1. The fringe pattern was formed by digitally subtracting a 
reference image (before deformation) from a deformed image (after deformation) and 
taking the absolute value. The only processing applied to this image was a gamma 
correction for better printed output. Good fringe contrast is apparent, demonstrating 
the laser diode's suitability for flaw detection. 
Figure 1. Fringe pattern on an aluminum cantilever beam. The beam is 1.9 cm thick 
and 38 cm long. A 22 cm section is shown. The right end is fixed, the left end is dis-
placed approximately 90 f.£m (.0035 inch). 
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PHASE STEPPING 
Phase stepping (or, "phase shifting") is a technique long used in interferometry, 
with early applications to speckle interferometry by Creath [1]. Phase stepping in-
volves the introduction of known phase shifts between the two interfering beams of 
an interferometer. A series of images is then captured and digitally manipulated to 
calculate the optical phase difference between states of the object. With shearogra-
phy, this phase difference is directly related to the change in displacement derivative 
(for small shearing angle) between states. Phase stepping yields accurate and con-
tinuous data and does not rely on fringe interpretation. An excellent review of phase 
stepping theory can be found in the book Optical Shop Testing [2]. 
It is clearly advantageous to combine the benefits of shearography with the accu-
racy and quantitative nature of phase stepping. Depending on the shearing method 
employed, however, phase stepping is not necessarily as straight forward to imple-
ment with shearography as with ESPI (Electronic Speckle Pattern Interferometry), 
since shearography does not always utilize two physically separate beams. 
Several authors have constructed phase-stepping shearography systems using 
different methods, including mechanical translation of a glass wedge [3] or using a 
liquid-crystal cell as a phase modulator [4]. Polarization techniques include the man-
ual rotation of a half-wave plate [5], motorized rotation of a polarizer [6], and highly 
birefringent (HiBi) fiber wrapped around a piezoelectric cylinder to introduce strain 
into the fiber [7]. Excluding the liquid crystal cell, all of these techniques involve ei-
ther mechanical movement of components or stress applied to a fiber. 
We introduce another polarization method of phase stepping that has no moving 
parts whatsoever. An electro-optic modulator is used as a voltage-variable waveplate. 
This modulator is an aluminum cylinder containing the birefringent crystal KD*P 
(potassium dideuterium phosphate), chosen for its electro-optic response. The crys-
tal decomposes incident laser light into its two orthogonal polarization modes, each 
mode having a different phase speed. After propagating the length of the crystal, a 
phase difference is introduced between the polarizations. This phase difference is con-
trolled by the voltage applied to the modulator. Shearing is subsequently achieved 
with a polarizing beamsplitter which shears apart the same two polarization modes; a 
linear polarizer is used to interfere the orthogonal sheared images. A schematic of the 
system, implementing both the laser diode and the electro-optic modulator, is shown 
in Figure 2. 
Since there are no moving parts in the modulator, it has very fast response time 
(the modulator itself has a 50 - 100 MHz bandwidth), limited primarily by the driver 
(approximately 1 I-lS rise and fall time). The modulator is hence suitable for phase 
stepping in between consecutive video frames (1/30 second per frame). Since several 
images must be captured (at least five, oftentimes eight), this speed is desirable to 
ensure that no environmental factors will disturb the measurements. The accuracy 
and repeatability of the phase shift is governed only by the supplied voltage. The 
modulator is rated at 23.6 mrad/volt at 802 nm. 
A preliminary test of the phase-stepping system was performed with the same 
setup shown in Figure 2, but a conventional laser source (approximately 150 m W at 
790 nm). Four phase-stepped images were taken before and after deformation of 
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Figure 2. Phase-stepping shearography system including laser diode and electro-optic 
modulator used as a voltage-variable waveplate to introduce phase steps. Pl and P2 
are polarizers, Ll and L2 are collimating and diverging lenses, respectively. 
about 20 f-lm and the phase difference was calculated. An adaptation of the iteration 
algorithm by Gu et ai. [8] was applied to suppress speckle noise. This algorithm uses 
the calculated wrapped phase to reconstuct four new shifted phase patterns which 
are in turn used to calculate improved wrapped phase. The resulting wrapped phase 
distribution for a small portion of the deformed beam can be seen in Figure 3. 
As with any phase-stepping speckle interferometry system, noise-insensitive phase 
unwrapping algorithms must be designed to process the calculated data. A combina-
tion of the iteration algorithm and a modified version of the pixel queue unwrapping 
method of Vrooman and Maas [9] is used to successfully unwrap the phase with little 
user input. 
Figure 3. Wrapped phase distribution for a portion of a cantilever beam displaced 
at one end by approximately 20 f-lm. The phase has undergone several iterations of 
speckle noise suppression. Single dark pixels are those with insufficient modulation 
and can be filled in with the local average of their valid neighbors. 
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CONCLUSIONS 
It is shown that a laser diode can be successfully used in a digital shearography 
system, yielding high fringe contrast with an extremely compact system. The use of 
an electro-optic modulator for phase shifting provides high accuracy and repeatability 
with a fast response time and no moving parts. 
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